The poliovirus-encoded, membrane-associated polypeptide 2C is believed to be required for initiation and elongation of RNA synthesis. We have expressed and purified recombinant, histidine-tagged 2C and examined its ability to bind to the first 100 nucleotides of the poliovirus 5 untranslated region of the positive strand and its complementary 3-terminal negative-strand RNA sequences. Results presented here demonstrate that the 2C polypeptide specifically binds to the 3-terminal sequences of poliovirus negative-strand RNA. Since this region is believed to form a stable cloverleaf structure, a number of mutations were constructed to examine which nucleotides and/or structures within the cloverleaf are essential for 2C binding. Binding of 2C to the 3-terminal cloverleaf of the negative-strand RNA is greatly affected when the conserved sequence, UGUUUU, in stem a of the cloverleaf is altered. Mutational studies suggest that interaction of 2C with the 3-terminal cloverleaf of negative-strand RNA is facilitated when the sequence UGUUUU is present in the context of a double-stranded structure. The implication of 2C binding to negative-strand RNA in viral replication is discussed.
Poliovirus is a member of the picornavirus family with a plus-sense RNA genome of 7,440 nucleotides, which is covalently linked to a small viral protein (VPg) at its 5Ј end and polyadenylated at its 3Ј end (15, 21) . The viral genome contains a long 5Ј untranslated region (5Ј UTR) of about 740 nucleotides that contains two distinct elements: a cloverleaf structure formed by the 5Ј-terminal 90 nucleotides (2) and an internal ribosome entry site between nucleotides 120 and 640, through which cap-independent translation occurs (20) . The positivestrand mRNA, which lacks VPg, codes for a single large polyprotein that is processed into mature proteins by viral proteases 2A
Pro , 3C
Pro
, and 3CD Pro (33, 34) . Poliovirus RNA replication is not well understood and involves the synthesis of complementary negative-strand RNA that serves as a template for the production of progeny virion RNA. The cloverleaf RNA structure at the 5Ј end is required for replication and forms a ribonucleoprotein complex containing 3CD
Pro and a 36-kDa ribosome-associated cellular protein which appears to be a cleavage product of eukaryotic elongation factor EF-1␣ (3, 13) . A shorter UTR of 72 nucleotides is present at the 3Ј end of the viral RNA (3Ј UTR); 3AB and 3CD
Pro interact with this sequence in the absence of other proteins (13) .
Most of the nonstructural proteins of poliovirus are involved in viral RNA replication (33) . The 2C protein of poliovirus has a molecular mass of 37.5 kDa (329 amino acids) and is highly conserved among picornaviruses (4) . During poliovirus infection, 2C and its precursor 2BC migrate to the rough endoplasmic reticulum, where they induce the formation of smooth membrane vesicles that bud off and become the site of viral RNA synthesis: the replication complex (1, 6-8, 10, 28) . Although the 2C protein lacks a defined membrane binding domain, the N-terminal region encompassing amino acids 21 to 54, containing a putative amphipathic helix, appears to be important for membrane binding (12) . In fact, the N-terminal fragment of 2C containing the amphipathic helix is sufficient to target a soluble protein (chloramphenicol acetyltransferase) to the cellular membrane (11) . Mutations in the 2B region lead to noncomplementable defects in RNA replication, suggesting that 2B or 2BC must be needed in cis for RNA replication (5, 14) . Alternatively, it is possible that mutations in the 2B area disrupt the RNA structure of that region, leading to a defect in RNA synthesis.
Many mutations in the 2C region are lethal; nonlethal 2C mutants usually display abnormalities in RNA replication such as temperature-sensitive replication, small-plaque phenotype, or guanidine hydrochloride resistance or dependence (33) . Low levels of guanidine hydrochloride (0.1 to 2 mM) specifically block the initiation step of RNA synthesis in cells infected with wild-type poliovirus (9) without affecting cellular metabolism or morphology. Most guanidine-sensitive and -dependent 2C mutants are not complemented well (33) . In contrast, two temperature-sensitive conditional lethal mutants, 2C-31 and 2C-32, are efficiently complemented in infected cells at nonpermissive temperatures (16) . Studies with 2C mutants suggest that 2C has at least two functions in RNA replication: a cis-acting, guanidine-sensitive function required for initiation and a trans-acting function required for elongation (1, 16, 18) . Finally, the role of 2C may not be limited to RNA replication. A cold-sensitive intragenic revertant of 2C-31, 2C-31R1, has been reported to have a complementable uncoating defect at 32°C, suggesting that 2C may also play a role in virion assembly or structure (17) .
2C protein has ATPase and GTPase activities (19, 23) . Point mutations targeted to the conserved amino acids of the NTP binding motif render nonviable viruses that do not replicate their RNA, and yet such point mutants display normal proteolytic processing patterns (19, 32) . during poliovirus infection, 2C appears to be attached to viral RNA in the replication complex that forms on virus-induced smooth vesicles (7) . A maltose binding protein-2C fusion protein (MBP-2C) can bind to partially double-stranded RNA encoding the 2B region of the genome. Deletion analysis has shown that the ability to bind RNA is abolished when 74 amino acids are removed from the C terminus of 2C (23) . More recently, an MBP-2C fusion protein has been shown to bind to partially double-stranded RNA and to have two regions involved in RNA binding: an N-terminal region between amino acids 21 and 45 and an arginine-rich C-terminal region between amino acids 312 and 319 (24) . The biological significance of the RNA binding and NTPase activities of 2C is not completely understood at the present time, but it is likely to be linked to the protein's replicative function(s).
Since 2C is important in viral RNA replication and initiation of positive-strand RNA synthesis is likely to start at the 3Ј terminus of template RNA, we examined the binding of bacterially expressed highly purified 2C protein to the 3Ј terminus of the negative-strand RNA. We demonstrate that 2C specifically binds to the 3Ј-end cloverleaf structure of the negativestrand RNA but not to the 5Ј-end cloverleaf of the positivestrand RNA. A series of mutations within the cloverleaf structure showed that the conserved sequence UGUUUU in stem a of the negative-strand 3Ј cloverleaf was very critical for 2C binding. 2C binding was greatly facilitated when the sequence UGUUUU was present in the context of a doublestranded structure.
MATERIALS AND METHODS
Expression and Purification of 2C Protein. The recombinant 2C clone was constructed by PCR amplification using T7pG2C.2 plasmid (12) as the template, with the forward primer incorporating an NdeI restriction site and the reverse primer incorporating a BamHI restriction site as shown in Table 1 . The PCRamplified 2C sequence was gel purified, end filled with Klenow fragment, digested with NdeI enzyme, and ligated into plasmid pET15b (Novagen, Madison, Wis.) which was treated with BamHI, end filled with Klenow fragment, and further digested with NdeI restriction enzyme. The resulting plasmid, T7His2C.3, contained a six-histidine-tagged sequence in tandem at the N terminus of 2C and was used for in vitro transcription-translation and expression of His-2C. The linking between the oligohistidine leader and the 2C sequence was confirmed by digestion and dideoxy sequencing. One recombinant clone was picked and transformed into an Escherichia coli BL21(DE3) overexpression strain (31) . The lysogen DE3 is a lambda derivative that expresses T7 RNA polymerase under the control of the lac promoter, and the expression of six-His-tagged 2C is induced by the addition of isopropyl-␤-D-thiogalactopyranoside (IPTG).
Overnight-grown cultures of E. coli BL21(DE3) cells harboring the recombinant pET15b plasmid (T7His2C.3) were inoculated into fresh Luria-Bertani (LB) medium containing carbenicillin (50 g/ml), and once the optical density at 595 nm reached 0.6, expression of His-2C protein was induced by the addition of IPTG (final concentration, 1 mM). Cells were harvested 3.5 h postinduction, suspended in buffer A (20 mM Tris HCl [pH 8.0], 100 mM NaCl, 0.1% Nonidet P-40, and 2 mM imidazole), and lysed by freeze-thaw cycles with mild sonication, and inclusion bodies were isolated. Recombinant 2C was recovered from inclusion bodies by metal affinity chromatography under denaturing conditions. Proteins were solubilized by adding buffer A containing 6 M urea, followed by centrifugation at 4°C. The supernatant (containing solubilized 2C) obtained was loaded onto a column with Ni 2ϩ -charged resin (TALON; Clontech, Palo Alto, Calif.) preequilibrated with the same buffer and allowed to flow under gravity. The column was washed with buffer A containing 10 mM imidazole, and finally His-tagged 2C was eluted with buffer A containing 50 mM imidazole and 10% glycerol. Fractions were collected, and an aliquot (10 l) was loaded onto a sodium dodecyl sulfate (SDS)-14% polyacrylamide gel and visualized by Coomassie staining. Fractions containing His-2C protein were pooled, step dialyzed against three changes of buffer B (50 mM Tris HCl [pH 7.4], 100 mM KCl, 1 mM dithiothreitol, 20% glycerol) containing 4, 2, and 0 M urea for 3 h at 4°C. Samples were finally concentrated to 1/10 of the original volume with polyethylene glycol 8000, aliquoted in small fractions, and stored at Ϫ70°C for further use.
Poliovirus-encoded 2A Pro , 2B, 3C Pro , and 3CD Pro were expressed in bacteria as histidine-tagged polypeptides and were purified as described for His-2C, except for 3C Pro , whose purification has been described earlier (29) . The purity of these polypeptides was determined by SDS-polyacrylamide gel electrophoresis (PAGE) followed by Coomassie blue staining.
UTR Cloning and Analysis. The first 102 nucleotides of the 5Ј UTR were PCR amplified from pT7PV1 encompassing the wild-type poliovirus UTR sequence. The primers used for the construction of wild-type or mutant UTR are shown in Table 1 . The oligonucleotide sequences had either EcoRI or HindIII restriction enzyme sites incorporated into them (underlined). The amplified sequences were gel purified, sequentially digested with HindIII and EcoRI enzymes, and ligated between the corresponding sites of digested pGEM3 plasmid (Promega, Madison, Wis.) with T4 DNA ligase. E. coli SCS1 cells (Stratagene) were transformed with the ligated recombinant plasmid, and stable transformants were selected by plating on LB-ampicillin plates. The cloned plasmid DNA sequence obtained was confirmed by dideoxy sequencing for both wild-type and mutant 100-UTR DNA. The cloning strategy was chosen so that transcripts could be obtained with SP6 or T7 RNA polymerases for 5Ј positive-and 3Ј negative-strand probes, respectively.
Gel Retardation Analysis. RNA binding and electrophoretic mobility shift assays were performed as previously described (2, 13) with slight modification. RNA probes were transcribed from either the SP6 or T7 RNA polymerase promoter from the cloned 100-UTR plasmid (wild type). The [␣-
32 P]UTP-labelled RNA probes were purified from 8% acrylamide-8 M urea gels. The labelled probe was diluted in MMK buffer (20 mM MOPS [morpholinepropanesulfonic acid] [pH 7.4], 60 mM KCl, 2 mM MgCl 2 ) or in nuclease-free water (in some cases) and incubated at 45°C for 30 min before being added to the binding reaction mixture. The binding reaction mixture (25 l) contained 5 mM HEPES [pH 7.9], 25 mM KCl, 2 mM MgCl 2 , 5% glycerol, 20 mM dithiothreitol, 2 mM ATP, 15 g of yeast tRNA, 32 P-labelled RNA (20,000 cpm), RNasin (40 U), and 60 ng of purified 2C protein. The binding reaction mixture was preincubated with purified proteins at 30°C for 10 min, and then 32 P-labelled RNA probe was added and incubation continued for an additional 10 min. Five microliters of RNA dye containing 50% glycerol, 0.1% xylene cyanol, and 0.1% bromophenol blue was added to the binding reaction mixture, and samples (50%) were analyzed on a 5% native polyacrylamide gel with 0.25ϫ Tris-borate-EDTA (TBE) at 4°C. In dose-dependent RNA binding experiments, various concentrations of purified 2C protein (15, 30, 60, 90 , and 120 ng) were added during preincubation.
UV-Cross-Linking Analysis. Uniformly 32 P-labelled, gel-purified RNA probe (ϳ200,000 cpm) was incubated with 60 ng of purified 2C protein under standard binding conditions. After incubation, samples were irradiated with UV light (multiband UV, 254/366NM model UVGL; 25UVP, Upland, Calif.) at a distance of 2 to 3 cm for 20 min. Excess RNA probe was digested with a mixture of 20 g of RNase A and 10 U of RNase T 1 at 37°C for 45 min. Samples were analyzed by SDS-14% PAGE and autoradiography.
In Vitro Transcription and Translation. Standard protocols for transcription and translation were followed. Briefly, the plasmid T7His2C.3 was linearized with XhoI, gel purified, and used as the template for the synthesis of runoff transcript by T7 RNA polymerase (Promega). The in vitro-transcribed mRNA was alcohol precipitated and subsequently translated in a rabbit reticulocyte lysate system (Promega) according to the manufacturer's instructions. In vitrosynthesized proteins were labelled with 40 Ci of [ 35 S]methionine (specific activity, Ͼ1,000 Ci/mmol; Amersham) during translation and examined by SDS-PAGE.
Immunoprecipitation. 2C protein UV cross-linked to 32 P-labelled RNA probe was immunoprecipitated overnight on ice with either preimmune serum, polyclonal antibody to 2C, or anti-2C monoclonal antibody in reaction mixtures containing 1ϫ RIPA buffer (5 mM Tris HCl [pH 7.9], 150 mM NaCl, 1% Triton X-100, 0.1% SDS, and 1% deoxycholate), 0.5 mg of bovine serum albumin per ml, and 0.5 mM phenylmethylsulfonyl fluoride (6) . Immune complexes were precipitated with protein A-Sepharose and washed five times with 1ϫ RIPA buffer to reduce nonspecific binding. Immunoprecipitated proteins were recovered by elution with 30 l of 1ϫ sample buffer and analyzed by SDS-PAGE and autoradiography.
Western Blot Analysis. Purified protein (2C), ribonucleoprotein complex obtained from nondenaturing gel, or 2C UV cross-linked to viral negative-strand RNA was resolved by SDS-14% PAGE and transferred onto a nitrocellulose membrane as per standard protocol. The membrane was blocked for 30 min in blocking solution (50 mM Tris HCl [pH 7.6], 150 mM NaCl, 0.05% Tween 20, and 3% nonfat milk), followed by incubation with polyclonal primary glutathione S-transferase-2C antibody. The membrane was subsequently washed with wash buffer (50 mM Tris HCl [pH 7.6], 150 mM NaCl, 0.05% Tween 20) and then incubated with alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G (Organon Teknika Corp., West Chester, Pa.). The immune complex was visualized by using the chromogenic substrate 5-bromo-4-chloro-3 indolyl phosphate and nitroblue tetrazolium (BCIP-NBT) kit (Kirkegaard and Perry Lab Inc., Gaithersburg, Md.).
Analysis of Ribonucleoprotein Complex. The gel retardation assay was performed as described earlier, and the wet gel was exposed to X-ray film. The band corresponding to the complex was aligned with the gel template, and complex containing 2C-RNA was excised. The gel slice was incubated in 0.5ϫ TBE at 37°C for 1 h followed by 2ϫ SDS-PAGE sample buffer at 37°C for 30 min and finally at 65°C for 10 min. The treated gel slice was placed gently in the stacking gel well of an SDS-14% polyacrylamide gel and electrophoresed. Silver staining was done with the Bio-Rad silver stain kit.
RESULTS

Purification of 2C.
To study RNA binding properties of the poliovirus 2C protein, histidine-tagged 2C protein was purified from E. coli. As can be seen in Fig. 1A , expression of 2C was detected from the recombinant plasmid after induction with IPTG (Fig. 1A, lanes 6 to 10) . Another polypeptide of slightly higher mobility was also induced, and it comigrated with an E. coli protein (Fig. 1A, lanes 6 to 10) . Induction of neither 2C nor the faster-migrating polypeptide was observed in bacteria containing the parental plasmid without the insert (Fig. 1A,  lanes 1 to 5) .
Both polypeptides specifically reacted with an antiserum directed against 2C protein on a Western blot (data not shown; see Fig. 5B ). Another polypeptide seen in lanes 7 to 10 ( antibody (data not shown). Thus, a smaller, truncated form of 2C was also induced in addition to 2C in E. coli expressing the recombinant plasmid. A previous study from this laboratory detected the 2C-related truncated polypeptide during in vitro translation (12) . The precise nature of the truncated 2C polypeptide is not known and could be due to premature transcription or translation of the 2C gene. Alternatively, initiation from a downstream AUG in the 2C sequence may give rise to this polypeptide.
Most of the full-length and truncated 2C (2C*) polypeptide was associated with the pellet fraction (data not shown). The 2C protein was solubilized in urea and purified by Ni 2ϩ affinity chromatography. As can be visualized by Coomassie blue staining, both 2C and 2C* coeluted from the affinity column at an imidazole concentration of 50 mM (Fig. 1B) . Another polypeptide migrating faster than these polypeptides was also detected in these fractions. This polypeptide did not react with anti-2C antibody (data not shown) and was probably a bacterial protein. 2C specifically binds to the 3 end of poliovirus negativestrand RNA. The first 91 nucleotides at the 5Ј end of the viral RNA (positive strand) have a high probability of folding into a secondary structure ( Fig. 2A) (2) . A similar type of cloverleaf structure is also predicted to form at the 3Ј end of the negative- (Fig. 2B ). Both genetic and biochemical studies have demonstrated that the cloverleaf structure at the 5Ј end of positive-strand RNA plays an important role in viral RNA synthesis (2, 3) . Two viral proteins, 3C and 3D (or 3CD), and a ribosome-associated cellular protein (p36) bind to this structure (3). To examine 2C interaction with the predicted cloverleaf structures at the 5Ј end of positive-or 3Ј end of negative-strand RNAs, affinity-purified 2C was incubated with gel-purified positive-or negative-strand RNA probes and examined by gel mobility shift assay. The free negative-strand probe was found to have more than one form when analyzed by nondenaturing gel electrophoresis (Fig. 2C, lane 3) . This could be due to various secondary structures formed by the 3Ј-end negative-strand probe. The positive-strand (5Ј-end) probe also had a similar banding pattern but to a lesser extent (Fig. 2C , lane 1). However, both the positive-and negative-strand RNA probes showed a single band corresponding to full-length transcript when analyzed by denaturing gel electrophoresis (data not shown). Although of identical length, the positive-strand probe always migrated faster (lane 1) than the negative-strand probe (lane 3) on a nondenaturing gel. When purified 2C was incubated with the negative-strand RNA probe, a major complex was clearly detected (Fig. 2C, lane 4) . The slower-migrating forms of the probe disappeared in the presence of 2C protein, and a faint RNA-protein complex migrating much more slowly than the major complex was observed (Fig. 2C , lane 4). When 2C was incubated with the positive-strand RNA probe, no such complex was observed (Fig. 2C, lane 2) . The formation of complex C increased linearly with increasing concentrations of purified 2C (Fig. 2D) . At the highest concentration of 2C, all of the probe was converted to the protein-RNA complex. The complex formed by incubation of purified 2C with the negative-strand RNA probe was sensitive to proteinase K (Fig. 2E, lanes 2 and 3) and SDS (Fig. 2E, lane 4) , indicating the presence of protein in the complex. To determine whether 2C specifically binds to the 3Ј negative-strand probe, other viral nonstructural proteins were tested for RNA binding by the gel retardation assay. Poliovirus proteins 2A, 2B, 3CD, and 3C were expressed as histidinetagged polypeptides and purified by metal affinity chromatography from inclusion bodies (data not shown). No RNA-protein complex was evident when these purified proteins were used in the RNA binding assay (Fig. 3A, lanes 3 to 6) . Under similar experimental conditions, however, 2C bound to the negative-strand RNA probe (Fig. 3A, lane 2) . The ability of 2A, 3CD, and 3C to cleave viral precursor polypeptides and the transcription factor TBP (TATA-binding protein) were used as positive controls in the reaction (data not shown). For unknown reasons, the probe used in this experiment did not generate various secondary structures as observed in Fig. 2 . Figure 3B shows binding of 2C polypeptide to a nonspecific RNA probe. This probe was derived from the cloning site of pGEM3 plasmid. As anticipated, no RNA-protein complexes were detected under the same binding conditions (lanes 1 and  2, Fig. 3B ). These results suggest that 2C specifically binds to viral 3Ј-terminal negative-strand RNA sequence.
UV-cross-linking studies were performed to confirm the results obtained by gel retardation analysis. In the UV-crosslinking assay, the complex initially formed between 2C and 3Ј negative-or 5Ј positive-strand RNA probes was irradiated with UV light, followed by digestion with the ribonucleases. The resulting protein-nucleotidyl complexes were analyzed by SDS-PAGE. As can be seen in Fig. 4A , a distinct UV-cross-linked band was detected with the 3Ј negative-strand probe (lane 2) but not with the 5Ј positive-strand probe (lane 3). This band migrated similarly to in vitro-translated 2C protein (Fig. 4A,  lane 1) . The specificity of this complex was tested by competition with unlabelled 3Ј negative-strand RNA or an unrelated RNA. Addition of increasing concentrations of unlabelled 3Ј negativestrand RNA during complex formation resulted in decreased amounts of the protein-nucleotide complex (Fig. 4B, lanes 3 to 5) . At the highest concentration of unlabelled 3Ј negative-strand RNA, almost no complex was detected. An unrelated RNA was not as effective as the 3Ј negative-strand RNA in inhibiting formation of the RNA-protein complex (Fig. 4B, lanes 6 to 8) .
To prove that the polypeptide cross-linked to the 3Ј negative-strand probe was 2C, the UV-cross-linked complex was immunoprecipitated with polyclonal and monoclonal antibodies to 2C. Both antibodies recognized UV-cross-linked 2C as well as the truncated form of 2C (Fig. 5A, lanes 4 and 5) . As expected, a preimmune serum did not precipitate any UVcross-linked complex (Fig. 5A, lane 3) .
In a separate experiment, UV-cross-linked 2C was analyzed by SDS-PAGE along with non-cross-linked purified 2C protein. The proteins after electrophoresis were transferred onto a nitrocellulose membrane and visualized by probing the membrane with primary antibody directed against 2C followed by a secondary antibody conjugated with alkaline phosphatase for color development. Both UV-cross-linked 2C (Fig. 5B, lane 4) and the two concentrations of non-cross-linked 2C (Fig. 5B,  lanes 1 and 2) migrated identically. The same membrane containing duplicate samples of the contents of lanes 3 and 4 of Fig. 5B was autoradiographed to detect 32 P-labelled crosslinked 2C (Fig. 5C, lanes 1 and 2) . As expected, both 32 Plabeled cross-linked 2C and the polypeptide detected by 2C antibody migrated identically. These results demonstrate that 2C and not a contaminating bacterial protein is cross-linked to the 3Ј-terminal nucleotides of the negative-strand RNA. To further confirm the presence of 2C in the protein-RNA complex, the gel-retarded complex C (Fig. 2D) was excised from the nondenaturing gel and analyzed on a denaturing gel (by SDS-PAGE) followed by either Western analysis using polyclonal antibody to 2C (Fig. 5D, lane 2) or by silver staining (Fig. 5D, lane 1) . As can be seen, both 2C and 2C* could be visualized equally well by Western analysis or silver staining.
Sequences required for 2C binding to the 3 negative strand. To determine the sequence specificity of 2C binding, a deletion mutant which lacked the first 10 nucleotides from the 3Ј end of negative-strand RNA was constructed (Fig. 6A, mutant IV) . Deletion of the 3Ј-terminal 10 nucleotides completely abolished binding of 2C to the 3Ј negative-strand RNA (Fig. 6B,  compare lanes 1 and 2 with lanes 9 and 10) . Because the 3Ј-terminal 91 nucleotides of the negative-strand RNA are likely to form a cloverleaf structure (2), we determined whether 2C binding to this RNA was dependent on particular sequences and/or structures within this region. Based on our computer predictions and previously published reports (2), 7 of the 3Ј-terminal 10 nucleotides of the negative-strand RNA are believed to form a stem (termed stem a) within the cloverleaf structure (Fig. 2B) (2) . The corresponding cloverleaf structure formed by the 5Ј-terminal 91 nucleotides of poliovirus positivestrand RNA has been shown to play an important role in viral RNA replication (2) . Previous results have shown that mutations in stem a of the positive-strand cloverleaf altering a block of six nucleotides (UGUUUU to ACAAAA) and one with compensating changes in the other arm of the predicted stem (AAAACA to UUUGU and UGUUU to ACAAAA) were both lethal (2) . Results from these studies suggested that the cloverleaf structure shown in Fig. 2A was indeed a functional secondary structure and that with the exception of stem a the other stems did not impose linear sequence specificity for appropriate function.
To determine whether the sequence UGUUUU present near the 3Ј terminus of negative-strand RNA plays a role in 2C binding, a mutant was constructed in which this sequence was replaced by GCCGGC (mutant I) (Fig. 6A) . This mutation not only changes the sequence but also destabilizes stem a. As can be seen in Fig. 6B , this mutation was effective in totally abolishing 2C binding to the negative-strand probe (lanes 3 and 4) . Replacement of the 6-nucleotide block (AAAACA) in the other arm of stem a by CGCGGC resulted in a significant decrease of 2C binding (mutant II) (Fig. 6B, lanes 5 and 6) . Changing all 7 nucleotides in the other arm of stem a (UAA AACA to CCGCGGC) decreased 2C binding even further but did not abolish binding altogether (mutant III) (Fig. 6B, lanes  7 and 8) . This mutation also generated various forms of secondary structure in the RNA probe (Fig. 6B, lane 7) . As discussed above, deletion of the first 10 nucleotides, which includes the UGUUUU sequence, totally abolished 2C binding (mutant IV) (Fig. 6B, lanes 9 and 10) . When the sequences in both arms of the stem a were changed so that the predicted secondary structure would be maintained, very little binding of 2C was observed (mutant V) (Fig. 6B, lanes 11 and 12) . To confirm the results obtained by gel mobility shift assay, uniformly 32 P-labelled RNAs derived from the mutant clones and purified 2C were used in UV-cross-linking analysis. Mutants I and IV, in which the sequence UGUUUU was either replaced by GCCGGC or deleted, were almost totally inactive in binding 2C (Fig. 7, lanes 3 and 4 and lanes 11 and 12,  respectively) . Mutant V that lacked the UGUUUU sequence but in which the secondary structure of stem a was maintained bound 2C extremely poorly (Fig. 7, lanes 9 and 10) . However, the two other mutants (mutants II and III) that still contained the UGUUUU sequence, bound 2C at 70 and 55% efficiency, respectively, compared to the wild-type RNA (Fig. 7 , compare lanes 6 and 8 with lane 2). These results suggest that binding of poliovirus 2C polypeptide to the 3Ј-terminal negative-strand RNA sequence is primarily determined by the presence of the sequence UGUUUU. However, 2C binding appears to be much stronger when this sequence is present in the context of a double-stranded structure.
DISCUSSION
We have shown in the present study that poliovirus-encoded polypeptide 2C interacts with the 3Ј-terminal sequences of the viral negative-strand RNA. Both gel mobility shift assay and UV-cross-linking analysis demonstrate specific interaction of 2C with the 3Ј-terminal 100 nucleotides of negative-strand RNA but not with the complementary sequence at the 5Ј terminus of positive-strand RNA (Fig. 2 to 4) . Immunoprecipitation and Western blot analysis using antibodies directed against 2C show the presence of 2C and not a contaminating bacterial protein in the protein-RNA complex (Fig. 5) . The interaction of 2C with the 3Ј-terminal sequence of the negative-strand RNA appears to depend at least partially on the sequence motif UGUUUU, which is highly conserved among the enteroviruses and rhinoviruses (2, 22) .
Although the 3Ј negative-strand RNAs derived from mutants II and III retain considerable 2C binding activity as judged by UV-cross-linking analysis, these mutants appear to bind 2C poorly in gel retardation assays (compare Fig. 6 and  7 ). This discrepancy probably reflects significantly increased off-rates of the mutant RNA-2C complexes compared to the wild-type RNA-2C complex. While UV-cross-linking stabilizes the RNA-protein complexes due to the formation of covalent bonds between the RNA and protein, a weak RNA-protein interaction is likely to be disrupted during gel retardation analysis. These results suggest that stable interaction of 2C with the 3Ј-terminal sequences of the negative-strand RNA requires the sequence UGUUUU in the context of double-stranded structure.
Previous studies by Andino et al. showed that the integrity of stem-loops b, c, and d of the 5Ј-end positive-strand cloverleaf ( Fig. 2A) was absolutely critical for virus survival (2) . Among these, stem-loops b and d were shown to bind virus-encoded polymerase (3D), protease (3C), and a 36-kDa cellular factor (3). The cellular protein appears to be an N-terminal fragment of eukaryotic elongation factor EF-1␣ (13) . Mutational analysis of stem a by Andino et al., however, showed that the sequence (UGUUUU) rather than its secondary structure was important for maintaining the wild-type phenotype (2). Our results suggest that despite the presence of the UGUUUU sequence in the positive strand, 2C does not bind to it. It should be noted, however, that the sequence UGUUUU is terminal in the negative-strand RNA but internal in the positive-strand RNA. This may indicate that the sequence (UGU UUU) at the 3Ј end of the negative strand needs to be present in the context of appropriate sequence and/or secondary structure. Thus, not only may 2C binding may be dictated by the sequence UGUUUU, but also it may require specific spatial arrangements.
We have examined binding of other viral proteins (2A, 2B, 3CD, and 3C) to the 3Ј-terminal cloverleaf structure of negative-strand RNA. However, only 2C and none of the other viral nonstructural proteins tested interacted with the 3Ј negativestrand RNA (Fig. 2) . Even at very high concentrations, these proteins did not show formation of a specific RNA-protein complex (data not shown). We have not yet determined whether 2BC is able to bind 3Ј negative-strand RNA. A previous report by Roehl and Semler demonstrated specific binding of two cellular proteins (p36 and p38) to the stem-loop b region of the 3Ј-terminal negative-RNA strand (25) . Genetic studies showed that cytidine residues at position 24 and 25 within the loop of stem-loop b were essential for viral replication (25, 27) . Recently, Roehl et al. reported that deletion of 3Ј-terminal nucleotides 5 to 10 of the negative-strand RNA (part of stem a) rendered the RNA noninfectious in transfection experiments (26) . Taken together, these results indicate that both cellular polypeptides (p36 and p38) and viral protein 2C specifically bind to the 3Ј end of negative-strand RNA and that the 2C binding site is important for viral replication.
A previous report from this laboratory has shown that the N-terminal region of 2C encompassing amino acids 21 to 54 and containing a putative amphipathic helix plays an important role in membrane binding both in vitro and in vivo (12) . The inherent capacity of this protein to bind both the membrane and the 3Ј end of negative-strand RNA suggests it might play an important role in RNA replication. This role can be possibly viewed as anchoring negative-strand RNA in the poliovirus membranous replication complex. Such anchoring may be essential for keeping the 3Ј end of the negative-strand RNA immobilized so that other viral and host proteins complexed to the 5Ј positive-strand cloverleaf structure may be transferred to the 3Ј end of the negative-strand RNA. This may facilitate the initiation of synthesis of nascent positive strand from the membrane-anchored negative strand (3, 13) .
A previous study has described RNA binding properties of poliovirus 2C protein (24) . In these experiments a fusion 2C polypeptide (MBP-2C) comprising MBP and 2C was used to examine its ability to bind biotin-labelled poliovirus RNA (nucleotides 2099 to 4600). This report determined by Northwestern analysis that two regions, encompassing amino acids 21 to 45 and 312 to 319 of 2C, were important for binding to viral RNA sequence. This report, however, failed to address the RNA sequence specificity of 2C binding. Our results clearly indicate that the sequence UGUUUU in the context of proper secondary structure is required for specific binding of 2C to the 3Ј-terminal sequence of viral negative-strand RNA.
In summary, we have demonstrated specific binding of the 2C protein to the 3Ј-terminal sequence of poliovirus negativestrand RNA. The sequence UGUUUU present within the 3Ј negative-strand cloverleaf in the context of a double-stranded structure appears to be important for 2C binding. Alteration of part of this sequence renders the RNA noninfectious, suggesting the importance of this sequence in viral replication (26) . We suggest that binding of 2C to the 3Ј-terminal cloverleaf structure of negative-strand RNA plays an important role in virus replication.
